Thermal annealing of embrittled reactor pressure vessel (RPV) steel and weld material is a well-known option for life time extension of light water reactors [1] . In fact, large-scale annealing of the core belt region for the purpose of life time extension was successfully applied in a number of cases including the first-generation VVER440-type RPVs [1] . In the last three decades major scientific efforts have been focussed on the optimization of the temperature-time regime for recovery of mechanical properties, the methodology for verification of the annealing effect (i.e. degree of reversal of irradiation hardening and embrittlement) using non-destructive techniques or small-specimen tests, and the phenomenological description of the reirradiation behaviour of RPV steels based on mechanical testing.
Introduction
Thermal annealing of embrittled reactor pressure vessel (RPV) steel and weld material is a well-known option for life time extension of light water reactors [1] . In fact, large-scale annealing of the core belt region for the purpose of life time extension was successfully applied in a number of cases including the first-generation VVER440-type RPVs [1] . In the last three decades major scientific efforts have been focussed on the optimization of the temperature-time regime for recovery of mechanical properties, the methodology for verification of the annealing effect (i.e. degree of reversal of irradiation hardening and embrittlement) using non-destructive techniques or small-specimen tests, and the phenomenological description of the reirradiation behaviour of RPV steels based on mechanical testing.
However, mechanistic understanding of the materials response to neutron irradiation, postirradiation annealing and reirradiation is still far from being satisfactory or even complete. Indirect conclusions about the mechanisms underlying the annealing and reirradiation response of RPV steels and welds have been drawn via analysing results of mechanical testing and fractographic observations [2] of these materials. More direct evidence has been collected by means of quantitative TEM [2] and three-dimensional atom probe field ion microscopy (3DAP) [3] . In particular, it was shown that reirradiation-induced microstructural changes are different from the original irradiation response not only quantitatively but also in nature [3] . In the present paper results are reported of small-angle neutron scattering (SANS) experiments performed for a VVER440-type weld material including three reirradiated conditions and a reirradiated and annealed condition [4] .
Experiments
The material investigated is VVER440-type weld material Sv10KhMFT of the composition given in Table 1 in a total of seven different irradiation conditions summarized in Table 2 . Irradiations were carried out at surveillance positions of NPP Loviisa (Finland). The irradiation temperature was 270°C. Specimens were provided by VTT Espoo (Finland) as slices of dimensions of 10 mm by 10 mm and thickness of 0.8 mm. No additional surface preparation was needed for the SANS experiments.
The SANS measurements were carried out at the PAXE spectrometer of the Orphee research reactor at LLB Saclay and at the BENSC V4 spectrometer of HMI Berlin. A neutron wavelength of 0.5 nm (±10 %) at half maximum was used. A beam diameter of 8 mm was realized by a Cd aperture fixed directly in front of the sample. The SANS intensity was measured with a 2-dimensional 64 cm x 64 cm BF 3 -detector (LLB) or 3 He-detector (HMI) at two different sample-detector distances of about 1 m and 4 m corresponding to a measuring range of the scattering vector of approximately 0.13 nm -1 to 2.9 nm -1 . During the SANS measurements the samples were placed in a saturation magnetic field of 1.4 T perpendicular to the neutron beam direction. The scattering intensity was calibrated by direct measurement of the intensity of the incident beam. The calibration was checked by comparing the measuring results for a reference sample of known scattering cross section. Φ and ϕ denote neutron fluence and flux for neutron energies, E > 1 MeV.
The SANS data were processed by software routines of LLB and BENSC. In particular, the angular dependence of the scattered neutron intensity was utilized to separate the magnetic contribution from the total scattered intensity.
Results
The measured scattering cross section is composed of coherent and incoherent contributions. The incoherent contribution was eliminated assuming the scattering intensity to follow Porod's law (i.e. to be proportional to Q -4 ) for large values of the scattering vector, Q. After subtraction of the incoherent contribution, the coherent scattering cross section is determined as shown in Fig. 1 for the unirradiated (U), the irradiated (I), and the irradiated and annealed (IA) condition of the VVER440-type weld material. Irradiation clearly raises the nuclear and the magnetic contribution to the scattering cross section for Q > 0.8 nm -1 (see Fig. 1b ,c) in an analogous manner. Annealing reduces the effect to the initial level and gives rise to a small increase of the magnetic contribution in the Q range from 0.5 to 0.8 nm -1 (see Fig. 1c ).
Further analysis is based on the indirect transformation method and provides the size distribution or the number density distribution of scatterers without assuming a certain type of distribution. According to our standard analysis we have assumed that the system consists of isolated scattering particles in a homogeneous matrix (two-phase approach), the particles are spherical and non-magnetic and the particle size is spatially uncorrelated. Multiple scattering is minimized by choosing a sufficiently small sample thickness on the expense of scattering intensity and measuring time.
The assumption of non-magnetic scatterers may be invalid in the case of significant fractions of Fe or Ni in the clusters. The size distributions given in this paper were still valid on a relative scale in this case, but the calculated absolute values of the volume fractions and number densities of scatterers would have to be interpreted as lower bound values. The issue is discussed in [5] but not solved completely. However, if the cluster composition is given, the size distribution of clusters can be calculated from the nuclear scattering cross section without any assumption on the magnetic character of the clustered atoms.
The size distribution of clusters obtained on the assumption of non-magnetic scatterers is presented in Fig. 2 . It exhibits the features characteristic of RPV steels: a broad distribution without a clear maximum in the size range up to 10 nm in the unirradiated condition and an additional sharp peak near a radius of 1 nm in the irradiated condition. Annealing reduces the volume fraction in the peak position to the initial level. Simultaneously, a new smaller peak appears centred at about 3 nm of radius. These effects can be traced back to the scattering curves (see Fig. 1c ).
The same procedure applied to the reirradiated samples yields the results depicted in Figs The above observations suggest the distinction of two particle size ranges: The first one from 0.5 nm (lower detection limit of SANS for commercial Fe-based alloys) to about 2.5 nm essentially applies to the irradiation or reirradiation response. The second range from about 2.5 nm to 4.5 nm is important for the annealing response after irradiation or reirradiation.
The A-ratio is defined as ratio of the SANS cross sections perpendicular and parallel to the direction of the applied saturation magnetic field and can be expressed as the ratio of the total SANS cross section and the nuclear cross section. The A-ratio was estimated by integrating the respective size distributions over either size range (0.5 to 2.5 nm and 2.5 to 4.5 nm) separately. The estimated values of the A-ratio are compiled in Table 3 . Of course, the A-ratio can only be calculated provided that a significant volume fraction of scatterers has formed. 
Discussion
The major observation of the present investigation consists in the formation of irradiationinduced clusters in the size range from 0.5 to 2.5 nm (radius), the disappearance of these clusters after annealing accompanied by the appearance of scatterers in the size range from 2.5 to 4.5 nm, and the appearance of reirradiation-induced clusters in the former size range.
A more detailed discussion of the present results depends on the knowledge about the composition of the scatterers. Unfortunately, the composition of the detected irradiationinduced clusters cannot be inferred from SANS measurements alone. However, any candidate composition can be checked for consistency by comparing calculated and measured values of the A-ratio [5] . Cluster compositions observed by means of 3D Atom Probe investigations (3DAP) for similar VVER440-type weld material (0.16 wt.-% Cu) irradiated under similar conditions are reported in [3] . These clusters are characterized as coherent Cu-Si-Mn-Ni-Penriched clusters of about 2 nm in diameter and of a number density of 5 x 10 23 m -3 [3] . In order to check for consistency of the typical compositions reported in [3] with the A-ratios obtained in the present case, a theoretical A-ratio was calculated according to equs. (1)-(3). 
In equ. (1), b and n refer to scattering length and atomic fraction, respectively, subscripts nuc and mag refer to nuclear and magnetic scattering, respectively. Summation is performed over all types of atoms constituting cluster or matrix. If we restrict ourselves to the species the clusters are enriched with [3] , ignore strain fields, assume the matrix to be pure Fe and assume the magnetic moments of Fe and Ni in the clusters to be the same as in the matrix, equ. (1) 
where the coefficients in the nominator are the values in units of fm (10 -15 m) of the magnetic scattering length for Fe and Ni, the coefficients in the denominator are the values in units of fm of the nuclear scattering length for Fe, Ni, Cu, Mn, Si, and P. In the case of clusters containing a vacancy fraction, n vac , the concentrations in equ. (2) have to be rescaled according to equ. (3):
The cluster compositions reported in [3] give A-ratios of 3.85 and 7.90 for typical clusters in the matrix and along dislocation lines, respectively, if vacancy-free clusters are assumed.
Varying the levels of the cluster-constituting elements within the reported error range [3] gives rise to a maximum reduction of the calculated A-ratio down to about 3. We find the measured A-ratio of the irradiation-induced clusters (1.6 ± 0.1) to be significantly smaller than the calculated ones. This discrepancy can only be resolved assuming a vacancy fraction in the average clusters of at least 38% not detected by means of 3DAP.
Annealing is accompanied by the disappearance of the irradiation-induced volume fraction of clusters in the size range from 0.5 to 2.5 nm and the formation of a smaller fraction in the size range from 2.5 to 4.5 nm (Fig. 2) . The high A-ratio (A > 10, Table 3 ) indicates that the scatterers observed after annealing are Cu-rich precipitates. This is in agreement with the conclusion inferred by Pareige et al. [3] from the reported 3DAP observations after reirradiation [3] . The Cu-rich precipitates are still coherent with the Fe matrix.
The basic observation from the SANS experiments for the reirradiated specimens (conditions IAI-1, IAI-2 and IAI-3) is that clusters are formed in the same size range and with a similar distribution as in the case of the original irradiation (condition I). These clusters are characterized by a slightly higher A-ratio than for the original irradiation and the A-ratio further increases with increasing neutron fluence (see Table 3 ). Furthermore, as the agreement of the volume fractions for conditions IAI-2 and IAI-3 (see Fig. 4 ) shows, the formation of reirradiation-induced clusters observed by SANS strongly decelerates or even saturates in the fluence range near or below the fluence corresponding to condition IAI-2. Provided the magnetic character of the reirradiation-induced clusters and the clusters formed during the original irradiation is about the same, the maximum value of the volume fraction is only half as high as the volume fraction observed after the original irradiation. No significant reirradiation-induced changes in the size range larger than 2.5 nm are observed.
Conclusions
Irradiation-induced clusters in VVER440-type weld material are observed by SANS and contrasted with previous 3DAP measurements for similar weld material [3] . There is a discrepancy between the A-ratios measured by SANS and calculated on the basis of the reported composition. The conflict can be removed, if the average cluster is assumed to contain vacancies not detected by 3DAP.
Thermal annealing at 475 °C/100 h results in complete disappearance of irradiation-induced clusters in the size range from 0.5 to 2.5 nm accompanied by a reversal of the irradiationinduced hardness increase and in the formation of scatterers of radii between 2.5 and 4.5 nm.
Because of their high A-ratio (A > 10) these scatterers are identified as Cu-rich precipitates.
As a result of reirradiation after annealing, clusters are formed in the same size range (0.5-2.5 nm) as for the original irradiation but their formation strongly decelerates or saturates at a smaller volume fraction. The new average cluster differs in composition from the original one.
